ABBREVIATIONS ADP = afterdischarge potential; AF = arcuate fascicle; AG = angular gyri; DES = direct electrical stimulation; DWI = diffusion-weighted imaging; EOR = extent of resection; FLAIR = fluid-attenuated inversion recovery; GTR = gross-total resection; HARDI = high angular resolution diffusion-weighted imaging; HGG = highgrade glioma; IFOF = inferior frontooccipital fascicle; IPL = inferior parietal lobule; LGG = low-grade glioma; PR = partial resection; SLF-tp = superior longitudinal fascicletemporoparietal portion; SMG = supramarginal gyri; STR = subtotal resection. Although resection of IPL tumors could result in language deficits, little is known about the likelihood of postoperative language morbidity or the risk factors predisposing to this outcome. METHODS The authors retrospectively examined a series of patients who underwent resections of gliomas from the dominant IPL. Postoperative language outcomes were characterized across the patient population. To identify factors associated with postoperative language morbidity, the authors then compared features between those patients who experienced postoperative deficits and those who experienced no postoperative language dysfunction. RESULTS Twenty-four patients were identified for analysis. Long-term language deficits occurred in 29.2% of patients (7 of 24): 3 of these patients had experienced preoperative language deficits, whereas new long-term language deficits occurred in 4 patients (16.7%; 4 of 24). Of those patients who exhibited preoperative language deficits, 62.5% (5 of 8) experienced long-term resolution of their language deficits with surgical treatment. All patients underwent intraoperative brain mapping by direct electrical stimulation. Awake, intraoperative cortical language mapping was performed on 17 patients (70.8%). Positive cortical language sites were identified in 23.5% of these patients (4 of 17). Awake, intraoperative subcortical language mapping was performed in 8 patients (33.3%). Positive subcortical language sites were identified in 62.5% of these patients (5 of 8). Patients with positive cortical language sites exhibited a higher rate of long-term language deficits (3 of 4, 75%), compared with those who did not (1 of 13, 7.7%; p = 0.02). Although patients with positive subcortical language sites exhibited a higher rate of long-term language deficits than those who exhibited only negative sites (40.0% vs 0.0%, respectively), this difference was not statistically significant (p = 0.46). Additionally, patients with long-term language deficits were older than those without deficits (p < 0.05). CONCLUSIONS In a small number of patients with preoperative language deficits, IPL glioma resection resulted in improved language function. However, in patients with intact preoperative language function, resection of IPL gliomas may result in new language deficits, especially if the tumors are diffuse, high-grade lesions. Thus, language-dominant IPL glioma resection is not risk-free, yet it is safe and its morbidity can be reduced by the use of cortical and subcortical stimulation mapping.
a critical hub for brain connectivity. 7, 34 It contains cortical and subcortical structures that serve critical functions, particularly those involved in language. 7, 14, 15 These structures include the cortical supramarginal and angular gyri (SMG and AG, respectively), as well as subcortical white matter pathways such as the temporoparietal portion of the superior longitudinal fascicle (SLF-tp), SLF components II and III (SLF-II and -III, or anterior segment of perisylvian language network), the arcuate fascicle (AF), and the inferior frontooccipital fascicle (IFOF). 4, 5, [19] [20] [21] 31 The functional and structural organization of the IPL nonetheless appears to exhibit particularly high variability, which necessitates functional mapping during tumor resection. 3, 17, 22 A primary goal in the treatment of brain gliomas is maximizing tumor resection while preserving functional status. 26, 30 Given its structure and function, resection of gliomas from the IPL is expected to carry a high risk of patient morbidity, particularly in terms of language function. As in other brain areas, this risk may be minimized by performing awake intraoperative stimulation mapping. 6, 9, 32 To date, however, only a few case series and case reports have investigated functional language outcomes following tumor resection from the IPL. 15, 18, 20, 21, 29 The purpose of this study was to define language outcomes in a series of consecutive patients who underwent glioma resection from the dominant IPL. In the majority of cases, these resections were performed with intraoperative mapping. By examining the clinical, radiological, and surgical features of this population, we describe the risk profile for the development of postoperative language deficits following resection.
Methods

Study Population
We retrospectively examined the cases of 24 patients who underwent resection of gliomas from the languagedominant IPL. All patients were right-handed, with left parietal tumors; magnetoencephalography was used to determine hemispheric language lateralization in all patients. 8 All patients were treated by the senior author (M.S.B.) at the University of California, San Francisco, Medical Center between 1997 and 2014. Data were drawn from a database maintained by the senior author; the database was screened for cases that met the following inclusion criteria: 1) surgical removal of a glioma involving the language-dominant IPL; 2) long-term (> 6 months following surgery) follow-up data were available; 3) volumetric MRI studies were available; and 4) standard neurological evaluation with language examination was performed. All patients gave written informed consent for surgical treatment. The study was performed in accordance with the Committee on Human Research of the University of California, San Francisco.
Pre-and Postoperative Evaluations
Patients were independently evaluated pre-and postoperatively by at least 2 physicians (attending neurosurgeon and attending neurooncologist) using a standard neurological examination, which included assessments of object naming, repetition, reading, counting, and calculation. In some cases (14 of 24 patients; 58.3%), language evaluations were also performed by a neuropsychologist. If there was a discrepancy between these assessments, the more severe deficit was used. Any degree of language dysfunction was counted as a deficit. Deficits were considered short-term if they were present 3 months after surgery; deficits present 6 or more months after surgery were considered long-term.
Anatomical Classification of Tumors
The IPL was defined according to well-established anatomical landmarks: 13, 25 anteriorly, by the postcentral sulcus; superiorly and posteriorly, by the intraparietal sulcus and superior occipital sulcus; and, inferiorly, by a line extending from the posterior limit of the Sylvian fissure to the anterior tip of the middle occipital sulcus. The SMG (Brodmann's area 40) and AG (Brodmann's area 39) were defined as the gyri separated (anteriorly and posteriorly, respectively) by the sulcus intermedius primus of Jensen, which runs perpendicular to the intraparietal sulcus toward the temporal lobe. 13 Tumor involvement was described by a previously defined parietal glioma classification system 31 ( Fig. 1) . Parietal Area 1 tumors involved only the SMG, while Area 1+ tumors extended anteriorly outside the SMG into the postcentral gyrus. Area 3 tumors involved only the AG, while Area 3+ tumors extended either inferiorly or posteriorly into the temporal or occipital lobes, respectively. Area 1 and 3 tumors involved both areas.
Radiographic Protocol and Calculation of Extent of
Resection
All patients underwent preoperative volumetric MRI scans within 48 hours of surgery. These scans included the following sequences: volumetric T1-weighted, Gdenhanced sequences; fluid-attenuated inversion recovery (FLAIR) sequences; and T2-weighted sequences. Postoperative MRI was performed within the first 48 hours after surgery. For some patients, postoperative MRI included diffusion-weighted imaging (DWI). Pre-and postoperative high angular resolution DWI (HARDI) was acquired, and residual bootstrap q-ball fiber tractography of language tracts was performed on a subset of patients as previously described. 2, 4 Lesion volume was volumetrically measured pre-and postoperatively through a semiautomatic region-of-interest analysis with iPlan Cranial 3.0 software (BrainLAB). Hyperintense regions on axial T2-weighted or FLAIR sequences, and T1-weighted contrast-enhanced regions were selected for LGGs and HGGs, respectively. The extent of resection (EOR) was calculated as follows: [(postoperative tumor volume -preoperative tumor volume)/preoperative tumor volume] × 100. Gross-total resection (GTR) was considered EOR > 99%, subtotal resection (STR) 95%-99%, and partial resection (PR) < 95%.
Surgical Procedure and Intraoperative Functional Mapping
Tumor resection and intraoperative functional mapping were performed as previously described. 16, 32 To minimize surgical morbidity, direct electrical stimulation (DES) was used to localize somatosensory, motor, and language areas. 12, 24 All 24 patients underwent DES for mapping of cortical and subcortical tissues. Awake cortical language mapping was performed on 17 of 24 patients (70.8%), and awake subcortical mapping was performed on 8 of 24 patients (33.3%). Seven patients did not undergo awake language mapping; these patients had either exhibited poor Karnofsky Performance Scale scores with language dysfunction, or presented with lesions that were not believed by the senior author to involve cortical or subcortical language areas.
Briefly, intraoperative language mapping was performed by delivering 60-Hz constant-current square-wave pulses (1-msec pulse width) through an Ojemann bipolar electrode (Integra LifeSciences Corp.). To ensure that mapping results were not affected by subclinical seizure activity, electrocorticography was used during the awake procedures to measure stimulation-induced afterdischarge potentials (ADPs). Stimulation-induced seizures were suppressed by irrigating the exposed brain surface with chilled Ringer's solution. 33 If seizures were refractory to cold irrigation, intravenous propofol (1 mg/kg) was administered. For awake language mapping, the initial stimulation intensity was 3.0 mA; if no responses to stimulation were detected, the stimulus intensity was increased up to a maximum of 5.0 mA, or 1.0 mA less than that which evoked ADPs. Stimulation sites were spaced over every 1 cm 2 of exposed brain surface overlying the tumor, as well as a 2-3 cm margin of surrounding cortical tissue. When more than 1 functional modality (i.e., sensory, motor, or language) was tested, mapping of sensory and motor sites was performed first, followed by mapping of language sites. A neuropsychologist performed intraoperative language testing, in cooperation with the attending neurosurgeon, which included picture naming and reading tasks that had been previously tested on the patient. Positive language sites were defined by stimulation-induced anomia, alexia, or semantic or phonological paraphasias, in the absence of motor or seizure activity, during at least 2 of 3 stimulation trials. The stimulation intensity was recorded for each patient's mapping procedure. Intraoperative photography was used to document stimulation sites.
Statistical Analyses
Data are presented as means ± standard deviations. The Fisher's exact test (2-tailed) was used for assessment of categorical data, and the Student t-test (2-tailed) was used for continuous data. Statistical significance was set at a p value < 0.05.
Results
Demographic Features
The study population is summarized in Table 1 . Twenty-four patients met the inclusion criteria. The mean age of the patients was 49.6 ± 13.1 years (range 18-81 years), and 62.5% of the patient population was male. All patients were right-handed. Seizures were the most common chief presenting complaint (14 of 24 patients, 58.3%), and 12.5% of patients presented with complaints of language disturbance (3 of 24). Seven patients (29.2%) had undergone previous treatment, which included resection (16.7%), biopsy (12.5%), radiation (8.3%), and chemotherapy (8.3%). The mean Karnofsky Performance Scale score was 89.2 ± 15.6.
Surgical Variables
Seventeen of 24 patients (70.8%) underwent an awake craniotomy with language mapping, while the remainder of patients underwent surgery with general anesthesia. All tumors were located in the left hemisphere. Area 1 (SMG) was involved in 54.2% of patients (13 of 24), whereas Area 3 (AG) was involved in 66.7% of patients (16 of The mean EOR was 97.5% ± 6.2%. An illustrative case is depicted in Fig. 2 .
Language Outcomes and Predictors of Language Morbidity
Preoperative language deficits were identified in 8 patients; at 6 or more months after surgery, 5 of these patients (62.5%) experienced resolution of their language deficits, while deficits persisted, but did not worsen, in 37.5% of patients (3 of 8).
Overall, short-term postoperative language deficits (present 3 months after surgery) occurred in 33.3% of patients (8 of 24). Long-term deficits (present > 6 months after surgery) occurred in 29.2% of patients (7 of 24) . Of the 7 patients with long-term language deficits, 3 of them had experienced similar preoperative deficits; 1 patient experienced word-finding difficulty and paraphasias, and 2 others experienced word-finding difficulty and alexia (1 of these patient's alexia improved with surgery). Four of 24 patients (16.7%) experienced new language deficits after surgery: 1 patient experienced word-finding difficulty, another experienced word-finding difficulty and impaired repetition, another experienced word-finding difficulty and paraphasias, and another experienced alexia. In all patients, these deficits were considered mild to moderate in nature and did not prove incapacitating.
Of the 4 patients who experienced new, long-term language deficits, postoperative DWI was performed in 3 patients. This showed diffusion restriction beyond the margin of the resection cavity in 1 of these 3 patients (33.3%). Postoperative HARDI was also performed on some of the patients who experienced permanent language deficits (4 of 7 patients). Two of these patients exhibited preoperative language deficits that persisted after surgery. One of these patients exhibited complete pre-and postoperative disruption of AF, SLF-tp, SLF-II and III, and IFOF, while the other exhibited complete pre-and postoperative disruption of AF and SLFII and III, worsening disruption of SLF-tp with surgery, and mild preoperative involvement of IFOF that remained stable with surgery. The other 2 patients experienced new postoperative language deficits: 1 of these patients exhibited no worsening of language pathway disruption, with stable and complete pre-and postoperative disruption of AF, SLF-tp, and SLF-II and III, and stable, mild pre-and postoperative involvement of IFOF; the other patient exhibited worsening interruption of the AF with surgery, and stable involvement of the SLF-tp (partially interrupted), SLF-II and III (completely interrupted), and IFOF (mild involvement). All 4 patients with new long-term language deficits had HGGs with perilesional edema (glioblastoma in 3, anaplastic oligodendroglioma in 1).
Short-term and long-term language deficits were associated with Area 1 tumors, Area 3 tumors, and tumors involving both Areas 1 and 3 ( Table 2 ). We did not find a statistically significant difference in deficit rates between Area 1 versus Area 3 involvement. Short-term deficits occurred in 27.3% of cases (3 of 11) in which Area 1, but not Area 3, was involved by tumor. Short-term deficits occurred in 25.0% of cases (2 of 8) in which Area 3 but not Area 1 was involved (p = 1.0). We observed similar rates of long-term language deficits in cases of Area 1 versus Area 3 lesions, as well (3 of 11 [27.3%] vs 2 of 8 [25%], respectively; p = 1.0). Short-term and long-term deficits 3 has been superimposed on the preoperative volumetric FLAIR MRI. Cortical stimulation mapping (C) was performed before resection. None of the cortical stimulation sites (labeled by numerical markers) interfered with language function. Resection was performed up to the functional boundary defined by subcortical stimulation mapping (D). Stimulation of the labeled site (no. 48) elicited anomia. The stereotactic coordinates of this site were saved and later retrieved from the neuronavigation system. Three-dimensional rendering of the patient's left hemispheric white matter tracts (E), demonstrating the AF (light blue), SLF (green and orange), as well as the tumor volume (violet). As depicted, the lesion extended to the posterior surface of the AF. Rendering (F) depicting the position of site 48 (yellow), which corresponded to the posterior portion of the AF.
were present in 60% (3 of 5) and 40% (2 of 5) of patients, respectively, with tumors involving both Areas 1 and 3 (Table 2) .
Short-term language deficits were present in 5 of 17 patients (29.4%) who underwent intraoperative cortical language mapping, while long-term language deficits were present in 4 of 17 patients (23.5%) who underwent intraoperative cortical language mapping (Table 3) ; of those 4 patients with long-term deficits, the deficits were new in 2 patients. Short-term language deficits were present in 3 of 8 patients (37.5%) who underwent intraoperative subcortical language mapping (Table 3) , while long-term language deficits were present in 2 of 8 patients (25.0%) who underwent intraoperative subcortical language mapping ( Table  3 ); in both of those patients with long-term deficits, the deficits were new. The difference in the rates of short-term language deficits between those patients who exhibited positive cortical language sites (3 of 4, 75.0%), compared with those who exhibited only negative cortical sites (2 of 13, 15.4%) was not statistically significant (p = 0.05). Likewise, there was no statistically significant difference in the rate of short-term deficits between those patients who exhibited positive subcortical language sites (3 of 5, 60%), compared with those who exhibited only negative subcortical sites (2 of 3, 66.7%; p = 0.20). A higher rate of long-term language deficits was observed in those patients who exhibited positive cortical language sites (3 of 4 patients, 75.0%), as compared with patients who did not (1 of 13 patients, 7.7%; p = 0.02). The difference in the rates of long-term language deficits between those patients who exhibited positive subcortical language sites (2 of 5, 40%) and those who did not (0 of 3, 0.0%) was not statistically significant (p = 0.46).
To ascertain predictors of postoperative language morbidity, we compared patient characteristics between subjects who experienced long-term language deficits and those who did not (Table 4) . Of the several characteristics we compared, patient age was the only one that differed significantly between patients with and without long-term language deficits. Patients with long-term language morbidity were, on average, older than those without longterm language morbidity (58.9 ± 10.5 years vs 45.8 ± 12.4 years, respectively; p < 0.05). However, neither patient sex, handedness, presenting complaint, preoperative language examination, tumor grade/pathology, EOR, nor postoperative MRI diffusion restriction differed significantly between those patients with and without long-term language morbidity.
Discussion
The language-dominant IPL contains several cortical and subcortical structures critical for language function. 7, 19, 22, 34 Few reports have characterized language morbidity following resection of intrinsic tumors from this brain region. 14, 18, 20, 21, 29, 31 This study represents the largest reported experience with dominant IPL glioma resection, and it provides evidence that it is safe, but not risk-free, to resect these lesions.
We observed new, long-term language deficits in 16.7% (4 of 24) patients who underwent glioma resection from the IPL. This rate of new language deficits was slightly higher than we have observed following tumor resection from other eloquent structures, such as the dominant frontal operculum. 28 The rate of new postoperative language deficits observed here was similar to that reported by other similar studies, which noted preoperative language deficits in 14% of patients, and long-term postoperative deficits in 21% of patients. 19 In this study, new postoperative language deficits could be explained by a number of possible factors: All 4 cases of new language deficits involved high-grade tumors with extensive perilesional edema. Moreover, STR was performed in 1 of the 4 patients, who also did not undergo awake language mapping (GTR and awake language mapping were performed in the other 3 patients). Postoperative diffusion restriction was noted in another 1 of these 4 patients with new postoperative language deficits. Postoperative radiation treatment was performed in 3 of the 4 patients, all of whom had undergone GTR. By 6 months after surgery, tumor progression had occurred in 3 of the 4 patients. Thus, new postoperative language deficits may have resulted from language pathway dysfunction due to factors such as delayed tumor infiltration, edema, radiation effect, and iatrogenic injury. Notably, whereas new postoperative language deficits were observed in 16.7% of the patients described here (4 of 24), resection restored normal language function in 62.5% of patients (5 of 8) who exhibited preoperative language deficits.
Tumor location within the IPL did not appear to influence postoperative language outcomes, as we found no sta- tistically significant difference in the rates of postoperative deficits between patients with Area 1 versus Area 3 tumors (Table 2 ). It should be noted, however, that tumors were rarely restricted to Area 1 (SMG) or Area 3 (AG); more commonly, tumors involved both areas, or extended into neighboring tissues (Table 2 ). It is possible that language function may have been influenced by tumor involvement of specific subcortical structures, such as the AF or SLFtp. 3 Of the 8 patients with preoperative language deficits, preoperative HARDI tractography was performed in 4 patients. All 4 of these patients exhibited at least partial disruption of the AF, SLF-II and III, and SLF-tp, while the IFOF was completely disrupted in 1 of these 4 patients and intact in 3 of these 4 patients. Of patients without preoperative language deficits, HARDI tractography data were available for 8. Only 1 of these 8 patients exhibited at least partial disruption of the AF, while 7 of these 8 patients exhibited at least partial disruption of both SLF-II and III and SLF-tp, and 1 of these 8 patients exhibited at least partial disruption of IFOF.
Intraoperative language mapping identified positive cortical and subcortical language sites in 23.5% (4 of 17) and 62.5% (5 of 8) of patients, respectively (Table 3) . Patients with negative cortical language maps exhibited a lower rate of long-term language deficits than those who exhibited positive language sites (7.7% vs 75%, respectively; p = 0.02). There was a trend toward a similar relationship between postoperative language deficits and subcortical language mapping results (0% vs 40%, respectively; p = 0.20), but this difference was not statistically significant. Thus, the absence of positive cortical stimulation sites overlying the tumor and resection cavity appears to be best associated with favorable language outcomes. As previously described, our "negative mapping" strategy utilizes a limited craniotomy and does not require identification of positive sites. 32 Thus, in the current study, the patients with negative cortical language maps likely experienced better language outcomes, because their lesion did not involve functional tissue. Altogether, our findings reinforce prior studies by our group, which emphasized the importance of awake cortical and subcortical mapping for minimizing morbidity of parietal lobe tumor resection. 31 Our finding of new postoperative language deficits in 4 of 17 patients (23.5%) who underwent awake language mapping suggests that alternative protocols for subcortical stimulation mapping should perhaps be considered specifically for dominant IPL glioma resection. For example, high-frequency monopolar stimulation-as opposed to low-frequency bipolar stimulation, which was used for this patient popu- lation-may detect functional subcortical pathways at a greater distance from the stimulation site. 27 It is possible that resection adjacent to a subcortical pathway that is infiltrated with high-grade, edematous tumor may result in damage to that functional pathway.
Of the numerous demographic, oncological, and surgical factors examined, patient age was the only feature that differed between patients with and without postoperative language deficits (Table 4) . Advanced age may have been associated with poorer language outcomes, because it could reflect higher tumor grade. However, we did not observe a statistically significant relationship (p = 0.07) between tumor grade and postoperative language deficits, despite the fact that all 4 new postoperative deficits occurred in patients with HGGs (Table 4) . Older patients may possess less capacity for brain reorganization in the face of tumor pathology and resection, and thus may be less able to maintain language function in the pre-and postoperative periods.
The current study is limited by a number of factors. First, because it is retrospective, there is probable bias in patient selection. Second, due to the relatively small size of the patient population, we lack statistical power to detect differences between groups in many of our comparisons of postoperative outcomes. Additionally, detailed neuropsychological testing was not conducted on all patients. We attempted to be as inclusive as possible in our definition of language dysfunction, so as to identify patients with subtle deficits. However, detailed neurophysiological testing may have revealed deficits not discerned by standard neurological examination. 1, 10, 11, 23 This last point will hopefully be addressed in future studies of IPL tumor resection.
Conclusions
Despite the importance of IPL structures for language function, postoperative language outcomes have not been well-characterized following tumor resection from this brain region. Here we have analyzed a cohort of patients who underwent resection of dominant IPL gliomas. Approximately 17% of patients (4 of 24) exhibited new, mildto-moderate, long-term language deficits, while 63% of patients (5 of 8) experienced resolution of preoperative language deficits after resection. Intraoperative language mapping was a valuable tool for guiding tumor resection, and the absence of positive cortical language sites was found to predict intact postoperative language function. Patient age was the only other factor that correlated significantly with postoperative language outcomes, although the small sample size of the current study limits its power to detect other factors that may be related to language outcomes, such as high-grade histology. Given the rate of language morbidity observed in this study, resection should be considered in the treatment of IPL gliomas, but resection should be guided by intraoperative mapping to minimize morbidity. Further characterization of surgical morbidity, particularly in terms of postoperative sensory, receptive language, and cognitive functions, is necessary to more fully characterize the safety of IPL glioma resection.
